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Abstract
Predicted model of roughness was built based on three different forms of liquid water on icing surface observed in 
experiments. Some issues regards to the icing mechanism and mass and heat transfer in roughness conditions were 
addressed. The classical Messinger ice accretion model was revised in which the remaining liquid water on ice 
surface was added. Validation of a new icing code based on roughness was performed by comparing the predicted
results with experimental data. Factors that affecting the roughness height and its distribution were also investigated.
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1. Introduction
The prediction of ice shapes and the determination of their effect on lifting surfaces is a problem of 
central importance in aircraft design since ice accretion can adversely affect aerodynamic performance of 
aircraft components. The detrimental effects of ice buildup are cumulative: the lift coefficient reduces, the 
drag coefficient increases, and the aircraft weight slightly increases. Furthermore, the stalling speed of the 
aircraft increases. To fulfill the relevant requirements of CCAR-25-R3 for civilian transport aircrafts, the 
aviation certification process for aircraft operating in icing conditions requires wind-tunnel tests, flight 
tests and numerical simulation associatively to study the effects of icing on airfoil aerodynamic 
*WANG Chao. Tel.: +86-010-82338008; fax: +86-010-82338008.
E-mail address: cwang1020@ase.buaa.edu.cn.
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
161LI Yan et al. / Procedia Engineering 17 (2011) 160 – 1772 I  et l. / r ce i  i eeri  00 ( ) 00 –000
performance. It is very important to study the icing mechanism and predict the ice shape accurately. For 
the icing simulation, the main softwares are LEWICE[1,2] and FENSAP-ICE[3]. With further research on
aircraft icing and new airworthiness standards being put, all icing simulation softwares are constantly 
improving. As the aircraft anti/de-icing research is just beginning these years, China has not its own 
simulation software. 
Aircraft icing mechanism is very complex, many factors affect the icing process and among which, the 
surface structure of the wing can cause direct impact on the flow field surrounding and then heat & mass
transfer between air and wing. In 1983, R.D.Kirchner[4] studied the ice accretion on the cylinder. By 
studying the effect of ice roughness on the final ice shape and comparing the experimental ice shapes with 
simulation results, a set of calculation formulas about the ice surface roughness in different icing 
conditions (temperature, speed, liquid water content, etc) were established. Olsen & Walker[5] found the 
super-cooled water on the wing surface mainly being in three forms, a fairly smooth water film in the 
leading edge, bead in the more rearward region and rivulet in the absence of droplets impingement zone 
which was caused by runback water. Due to the changing icing conditions, the three water forms may not 
exist at the same time. The experimental correlations of the roughness were modified by Shin[6] in 1994
by adding the factor of mean volume diameter (MVD) which make the numerical simulation results more 
accurate.
However, the only simply addition of an average roughness elements was not enough to obtain the 
accurate simulation results. The roughness distribution on ice surface must be considered as in different 
locations, roughness distribution was varying. Based on the researches above, Fortin Guy[7-9] built up 
icing surface roughness model and added it to ice accretion computation.
In this paper, the analysis on the dynamic of liquid water in different forms was performed and the 
mechanical model was established in each condition. Based on the dynamic analysis and experimental 
results in different force models, the roughness calculation expressions (three analytical formulations), the 
liquid water forms and the roughness distribution on wing surface were given. Based on the mass and 
heat transfer in a control volume, the mechanism of ice accretion was explored. The simulation ice shapes
were compared to experimental results to validate the accuracy of icing code developed. The correlation
of the surface roughness distribution with different icing conditions was also explored.
2. Roughness Model
2.1 Three analytical formulations of roughness
The liquid water on surface was assumed to be in three forms according to the experimental 
observations[6]: film, bead and rivulet. In this paper, three analytical roughness models were developed 
based on liquid water forms above. Roughness models characterized with a height were given in the 
following.
2.1.1 Film
The flow was considered to be laminar when the liquid water on the ice surface being in the form of 
film. The roughness height can be obtained by solving the mass balance equation in the micro-control
volume as shown in Fig.1.
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Fig.1 Diagram of film control volume
The mass flow rate of the micro-control volume is expressed as:
= ⋅∆ ⋅ ⋅w w fm b e uρ                                                     
(1)
where u denotes the mean velocity (m/s), fe denotes film height (m), b∆ denotes the film width (m); 
The velocity u was assumed to follow the linear distribution linear along the y axis, then the wall shear 
stress is given by:
= ⋅w
du
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τ µ
                                                                        
(2)
Therefore the mean velocity u is
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Combining the equations above, the film height is given
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where wτ denotes wall shear stress (Pa); wµ denotes water dynamic viscosity, sPa ⋅ ; wρ denotes water 
density(kg/m3); calC denotes calibration parameter and its suggested value is 15 . Then the roughness 
height was considered to be equal to the wave height [9] which is given by
3
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τ
µ                                     (5)
2.1.2 Bead
a) Mechanical analysis of bead
The bead were mainly subject to its own gravitational force, surface tension and aerodynamic force. The
bead was considered to be the spherical cap shape and its force analysis was shown in Fig.2.
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Fig.2 Force analysis of a non-deformed bead
The gravity of the bead is
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where cθ is the contact angle and be is the bead’s max height before moving. The component force of 
the gravity along its moving direction is given by
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                                      (7)
where ϕ denotes the angle between the horizontal surface and the ice surface.
The shear stress on the bead is
21
2
= ⋅ ⋅w a f eC Uτ ρ                                                                    (8)
Therefore the aerodynamic force is
    = ⋅ ⋅w w GF A Cτ                                                           (9)
where A denotes its frontal area(m2), GC denotes the flow coefficient and they were written in the 
following respectively：
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  Then the aerodynamic force is given by
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  The bead were deformed on impact on the wing surface and the contact angle varies along the perimeter.   
  As the hysteresis is low, therefore this variation was assumed to has a cosinusoidal form [7]：
cos
2
∆
= − ⋅cc
θ
θ θ φ                                              (13)
where cθ∆ denotes hysteresis angle (deg) which is the difference of the maximum contact angle with the 
minimum contact angle during the process of the bead deformation; ϕ is the surface inclination 
angle,(deg).
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  The rigidity force, which is the component of the surface tension is determined by integration of the 
surface tension multiplied by the bead radius over the bead perimeter：
2
0
cos cos= ⋅ ⋅ ⋅∫ wF rd
π
σ σ θ φ φ                                             (14)
  For a nondeformed bead, the rigidity force is given by
(1 cos )
2
= ⋅ ⋅ ⋅ + ⋅∆w b c cF eσ
π
σ θ θ                                                  (15)
b) The height of bead
The height of bead is calculated from the analysis of bead growth and forces acting on it. The 
maximum height of bead before moving was determined by the forces acting on it. The forces acting on 
the bead are mainly surface tension, gravity and aerodynamic force and among which contact angle and 
hysteresis angle are critical factors that influence these forces. When the hysteresis angle reached the 
maximum value, the balance of the forces acting on the bead was broken and then it began to move. The 
maximum bead height can be calculated by performing force balance among the three forces[7].
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where be is the height of bead and also the height of roughness, gR is the gravitational flow ratio which is 
the projection of gravity parallel to the bead moving direction divided by surface tension.
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And wR is the aerodynamic flow ratio which is the projection of aerodynamic force parallel to the bead 
moving direction divided by surface tension.
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2.1.3 Rivulet
When the liquid water on wing surface forms rivulet, the roughness height is equal to the rivulet height, 
which is assumed to be equal to the bead height in the same condition before moving.
2.2 Roughness distribution
The experimental results[6] showed that, the film was located in the leading surface, the bead was 
located between the edge of water film and the droplet impingement limit and beyond the impingement 
limit was the rivulet. The three water forms distribution is varying with different icing conditions. Only 
one or two forms of water may appear in an icing condition. So it is necessary to determine the roughness 
distribution on wing surface as it is important to predict the final ice shape accurately.
2.2.1 Separatrix between film and bead
The aerodynamic force (or shear stress) acting on the film that promotes the film to flow on the surface. 
There exists a cohesive force between the film and the surface which caused by surface tension. When 
shear stress is greater than cohesive force, the film keeps flowing forward without deformed shape. 
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However, when shear stress is equal to or lower than cohesive force, the film will break up into bead 
under the action of surface tension. Therefore the separatrix between film and bead can be determined by 
analysis of force acting on the liquid water surface[10].
The shear stress acting on the film surface is
2
,
1
2 ∞
=i f c airT C Uρ                                                             （20）
The cohesive force caused by surface tension is
(1 cos )= −Tσ σ θ                                                                （21）
When the two force values are equal, the critical friction coefficient cfC , will be obtained
, 2
2
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= −f c
air
C
U
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ρ
                                                       （22）
The critical value of the friction coefficient cfC , was selected as the separatrix to determine film and 
bead, that is, when the friction coefficient fC is equal or exceeds the critical value cfC , ,the film will 
breakup into bead or rivulet. The friction coefficient fC can be obtained by the empirical formula[11] as 
follows
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                                             （23）
where x denotes the arc length from the starting point of calculation to the stagnation point in the leading 
edge; sk denotes the equivalent sand-grain roughness, (m).
2.2.2 Separatrix between bead and rivulet
The impingement limit was selected as the separatrix between bead and rivulet which can be 
determined by solving the droplet trajectory.
3. Mass and heat transfer analysis
3.1 Heat transfer coefficient
Roughness is most often associated with initial ice accretion and its primary effects are promotion of 
boundary-layer transition and removal of momentum from the boundary layer[12]. The boundary layer 
integral method was introduced to calculate the convective heat transfer coefficient. The roughness 
Reynolds number kRe was used to determine the laminar and turbulent flow
[13] as the heat transfer 
coefficient calculation in the two types of flow was different.
The roughness Reynolds number is given by:
Re k sk
u k
υ
=                                                                              (24)
where sk denotes the roughness height, ku andυ denotes the air speed (m/s) and its dynamic viscosity 
(m2/s), respectively.
If kRe is greater than the critical number 600, the laminar flow will become turbulent. 
The convective heat transfer coefficient in the two types of flow could be written as follows 
respectively[14]
In laminar zone
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where eU denotes airspeed at the boundary layer (m/s). The two expressions above show that roughness 
has no effect on the icing process in the laminar region, while it can affect the convective heat transfer 
coefficient in the turbulent region directly.
3.2 Mass balance
Fig.3 shows the mass transfer in a control volume. Based on the classical Messinger model, the 
remaining water mass 
rmwM was introduced into the control volume. rmwM denotes the liquid water
mass that remained in the control volume due to surface tension. If all the liquid water entrapped in the 
control volume was frozen, the remaining water mass was zero. 
Fig.3 Mass transfer in the micro-control volume
The expression of the remaining water mass was given by
(1 ) ( )rmw cap in evapM f r M M M= − + −                                             (27)
where
capM denotes the impingement water mass（kg）,
inM denotes the incoming runback water mass（kg）, 
evapM denotes the evaporative water mass（kg）,
r is empirical coefficient and its suggested value is 0.02.
f is the frozen coefficient which means the ratio of frozen water to the total value of water that into 
the micro-control volume,
freeze
cap in evap
M
f
M M M
=
+ −
                                                          (28)
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Then the mass balance equation in the control volume is given by:
+ = + + +cap in evap freeze out rmwM M M M M M                                      (29)
where outM and freezeM denotes the outgoing runback water mass(kg) and the freezing water mass(kg) 
respectively.
3.3 Heat balance
Fig.4 shows the heat transfer in a control volume. During the ice accretion computation, the radiation 
heat transfer was ignored as both the ice surface temperature and its surrounding temperature were very 
low. 
Fig.4 Heat transfer in the micro-control volume
Based on the mass balance equation above, the corresponding heat balance equation in the control 
volume was expressed as follow：
0cap in freeze out rmw conv evapQ Q Q Q Q Q Q+ + − − − − =    (30)
where 
capQ is the energy in the impingement water, 
inQ is the energy in the incoming runback water,
rmwQ is the energy in the remaining water,
outQ is the energy in the outgoing runback water, 
evapQ is the energy in the evaporative water, 
freezeQ is the energy released by the freezing water,
convQ is the energy released into air by convective heat transfer.
3.4  Solution of equations
Based on the analysis above, the heat balance equation can be written as
2
( 1) evapin( ) ( ) ( )2
( ) ( ) (1 ) ( ) 0
cap pw pw s i pw s v cap in evap
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h
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(31)
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where recL is the recovery temperature of the surface; vL is gasification latent heat; r is recovery 
coefficient and fL is latent heat of phase transformation.
First assuming that the wing surface temperature was 0=st , then the value of the frozen coefficient 
f would be obtained, and then do the following steps:
If 10 << f , the assumption 0=st was valid. There were both water and ice existing in the control 
volume.
If 1≥f , the assumption 0=st was invalid. There was no water but ice in the control volume. And 
the iteration should be continued to get a reasonable ( , )s i jT value.
If 0≤f , the assumption 0=st was invalid either. No water froze. And the iteration should be 
continued too.
3.5  Ice shape generation
Ice accretion is a dynamic process as the ice is increased over time gradually. With ice shapes
changing, the flow field around the wing and the droplet collection character, the heat & mass transfer 
coefficient would also be affected. The commonly used method is cutting the whole icing time into 
several parts in order to make the simulation more accurately. During each part time, the flowfield is
considered to be unchanged while the ice shape data will be used in the following ice accretion 
simulation. In other words, when the following icing time begins, the grids will be reconstructed on the 
previous ice shape. The whole icing process is also called quasi-steady process which was demonstrated 
in Fig.5.
Set Up
Aerodynamic module
Impingement Module
Roughness module
Thermaldynamic Module
Ice Accretion Module
T=flow renew 
interval
Grid Generation
no
T
=total tim
e
yes
no
End yes
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Fig.5 Flow chart of computation
After the ice mass in the control volume was obtained, the icing direction turned to be a key factor to 
determine the final ice shape. In this study, the icing direction determination was displayed in Fig.4.
Firstly, number each point of airfoil from the tail of down wall to the tail of up wall. Then rotate vector
1i in n +

for 90°in counter-clockwise direction at the point in , so the new vector would be
'
1i in n +

. 
Obviously, '
1i in n +

is the external normal direction of 1i in n +

. This method is effective for airfoil with 
complicated ice shape as well.
Fig.6 Rotation vector method to determine the icing direction
The ice height was expressed as:
freeze
i
M t
h
sρ
∆
=
∆                                                            (32)
where the ice density iρ was expressed as[4]:
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Then the coordinate of each node after icing could be obtained,
cos
sin
x x h
y y h
α
α
′ = + ⋅
′ = + ⋅
                                                    (34)
As node is the point of intersection of two control volumes, so the average results are taken as the final 
coordinate of each node,
1 2
1 2
( ) / 2
( ) / 2
final
final
x x x
y y y
′ ′= +
′ ′= +
                                                     (35)
4. Model validation
In order to verify the icing code developed in this paper and explore the relationship of ice accretion 
with roughness, liquid water forms, NACA0012 airfoil was selected and the icing conditions were listed 
in Table 1.
Table 1 –Conditions for the numerical simulation
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Accretion time Angle of attack Chord Pressure MVD
360s 4° 0.5334m 101300pa 20μm
4.1 Roughness model
Due to limited resources, the roughness distribution on ice surface can not be verified directly. So the 
analysis was performed based on the experimental correlation [15] which has been used widely.
The average roughness distribution in different icing conditions were demonstrated in Fig.7~Fig.9. The 
average roughness was calculated by performing integration of local roughness along the icing surface.
Fig.7 shows the comparison of average roughness predicted by this icing code with results of 
experimental correlation in different temperature. The tendency of roughness distribution calculated in 
this paper was consistent with empirical formula, however, there is a certain gap in quantity.
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Fig.7 Tendency of average roughness affected by temperature
Fig.8 and Fig.9 show the comparison results of different liquid water content (LWC) and velocities at
temperature 10℃. The results show that with the increase of LWC and velocity, both of them have the 
same tendency with the experimental correlation results, but there is also a certain gap in quantity.
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Fig.8 Tendency of average roughness affected by LWC     Fig.9 Tendency of average roughness affected by velocity
Note that in the experimental correlation, the roughness height was assumed to be the same while in 
this icing code, the effect of different liquid water forms on roughness was considered. The roughness 
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model adapted in this paper varies with the droplet impact location and forms which is more realistic, so 
the predicted results were more accurate.
It is necessary to say that the average roughness calculated in this study was just to verify the 
correctness of the ice roughness model used in this icing code. Further studies are required on the 
relationship of roughness with different icing conditions.
4.2  Effects of icing conditions on roughness
1）Temperature
Fig.10 shows roughness distribution at different temperature. The effect of temperature on roughness is
less obvious when temperature is not very low as shown in Fig.6(a). The roughness is lower in the leading 
edge and begins to increase along the chordwise direction until a maximum value, then it starts to 
decrease to zero. When temperature is low enough, the roughness demonstrated a very different 
distribution as shown in Fig.6(b), there exists a region of very small roughness in the leading edge and 
after a sharply increase at a point, it begins to decrease along the icing surface to a minimum value and 
again increase gradually prior to the icing limit.
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Fig.10 Roughness distribution of different temperature(℃)
2）Velocity
Fig.11 shows the effect of velocity on the distribution of roughness. As shown in this figure, the 
roughness height becomes larger as well as the range of the roughness distribution with the increased Ma, 
which is similar to the temperature case above. When the Mach number is less than a certain value e.g., 
Ma=0.141, the roughness height performed a sharp increase at the limited icing position. The reason for 
that maybe the occurrence of water film to bead.  
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Fig. 11 Roughness distribution on icing surface of different velocities at-10℃
3) LWC & MVD
Fig.12 and Fig.13 show an increase roughness height as well as the range of roughness distribution 
with LWC&MVD becoming larger. As the icing range enlarged with the LWC&MVD increasing, so the 
roughness will increase either.
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Fig.12 Roughness distribution on icing surface of different LWC at -10℃
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Fig.13 Roughness distribution on icing surface of different MVD at -10℃
In all, with the changes in icing condition, the heat & mass transfer on wing surface will be influenced 
immediately, and then the roughness height and its distribution on wing surface will be influenced either; 
And in turn, the varied roughness will cause effects on flowfield around the wing, and then the multi-
phase heat  & mass  transfer will be affected. For the interaction results, the final ice shape is defined. The 
whole interaction process was depicted in Fig.14
Fig. 14 Diagram of factors that affecting the icing process
5. Ice shape generation
5.1 Grid independence
To eliminate the error caused by the grid number, the airfoil was divided to different node numbers
（200, 300, 400, 500）. The predicted ice shapes were shown in Fig.15. The results show that when the 
grid number is 300 or more, There is little changes in ice shapes. So the grid number was set to be 300
which is adequate to obtain accurate results.
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Fig. 15 Ice shapes at different grids
5.2 Updated time step
1）Flowfield
Fig.16 shows the influence of different flowfield updated time steps on the final ice shapes. The results 
shows little difference when the time step from 40s to 90s. However, when it was 90s, the icing range was 
larger on the upper surface than the experimental results and the ice horn location was different either. 
When it was set to be 40s and 60s, the results were in good agreement with the experimental results and 
therefore, 60s was selected as the flow-field updated time in this study.
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Fig.16 Influence of flowfield updated interval
2）Ice shape
Fig.17 demonstrated the final ice shapes predicted at -10 ℃for five different updated time steps (5s,
10s, 15s, 20s, 30s,). What can be seen is that when the time step was 20s, the calculated result is most 
fitting with the experimental ice shape. So 20s was selected to be the updated time step of ice shape. 
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Fig. 17 Influence of ice shape renew interval
5.3 Evaluation of the code
In order to more fully evaluate the correctness of the roughness model selected and the calculation 
approach, the calculated results were tested by comparison with experimental ice shapes at different 
temperatures. The comparative results are shown in Fig.18(a~g)
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Fig.18 Ice shapes at different temperatures
The comparative results indicate that the predicted ice shapes are in good agreement with the 
experimental ice shapes. For the temperature -4.4℃ (Fig.18(a)) the icing range and icing thickness are the 
same as experimental results at the stagnation point, while the predicted result has no apparent ice horn 
and ice thickness on lower surface is a little smaller. For the temperature -6.1℃ (Fig. 18(b)) the predicted 
ice thickness and horn are similar to experimental result, except that the ice range on upper surface is 
smaller while it is larger on lower surface. For the other cases (-7.8 ℃,Fig. 18(c); -10 ℃,Fig. 18(d); -
13.3 ℃,Fig. 18(e)), the calculated results are nearly identical to the experimental ice shapes, except the 
calculated ice shapes are a little smother. For the temperature -19.4℃ (Fig.18(f)) and -28.3℃ (Fig.18(g)), 
the calculated ice shapes are typical rime ice, which are almost the same with experimental results, only 
the ice range on lower surface is a little minor. The comparison results above show that the icing code 
developed in this study can predict ice shapes well.
6. Conclusions
Different icing conditions may cause varying effects on roughness height and its distribution, then the 
mass and heat transfer and finally the ice shape will be impacted. However, either the effect caused by 
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temperature, velocity, or LWC & MVD, the essence of this issue is force that acting on the liquid water 
and heat transfer in multiphase flow.
A new icing code was developed based on force analysis of liquid water on wing surface which could 
be used to simulate some complex ice shapes. Different time steps were used to update the flowfield and 
ice shape. The comparative results with experimental ice shapes shows that, with this approach the whole 
icing process can be simulated accurately without sacrificing too much time and computer resources. The 
analytical model may be used as a tool for determining a set of experimental conditions and the code can
be used as a tool for designing new anti-icing systems or modifying existing systems.
The following work will be focused on the characteristics of mass and heat transfer with the impact of 
ice roughness. As once the roughness zone emerges, the roughness elements themselves will cause the 
transition of the boundary layer if it is not fully turbulent.
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